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Abstract

This report develops a method for assessing the design margin of the ASME Section III,
Division 5 Class A design rules, focusing on a definition of margin as the ratio between
the actual, expected component life and the ASME design life. Full inelastic finite element
simulations with a complete damage model capturing the available creep, creep-fatigue,
fatigue, and tension test failure data produce the expected component lives, which can then
be compared to corresponding ASME design calculations. The focus of this particular work
is on Alloy 617 and the ASME creep-fatigue design rules, but the approach is general and
could be applied to other design limits and to other materials. A margin assessment of a
representative Alloy 617 component shows the ASME creep-fatigue design rules applied to
this component have a margin of 10 on design life. The report describes several challenges
in completing a more comprehensive margin assessment of the ASME rules, in particular
challenges in developing probabilistic assessment methods for high temperature structural
components. The report details these challenge and discusses the immediate possibilities of
the deterministic margin assessment method developed here.
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1 Introduction

This report develops a process for assessing the design margin in the ASME Section III,
Division 5, Subsection HB, Subpart B rules covering the design and construction of Class A
high temperature nuclear reactor structural components. Design margin, at least for time-
dependent failure modes, can be expressed as the difference between the actual component
time to failure and the component design life. This report characterizes the actual time to
failure as a best-estimate prediction based on average material properties. This margin is
necessary to cover the uncertainties in the engineering design process, including uncertainties
in the actual material properties, the thermal and structural loads during plant operation,
and the actual, as-built component geometry. Components with higher safety consequences
typically require a larger design margin than those with lower consequences of failure. Design
methods for nuclear components, for example, often include a larger design margin than
methods for non-nuclear components.

The design margin inherent in the ASME Section III, Division 5 rules for metallic com-
ponents is largely unknown. The design methods are thought to be generally very conserva-
tive, but to our knowledge there has been no work to explicitly quantify the method’s design
margin. Quantifying the design margin in the rules would provide the necessary initial de-
velopment to support a Risk Informed, Performance Based (RIPB) licensing approach and
a means to better tune the design method. For example, a margin assessment could be used
to determine if the design margin remained constant for different temperature ranges, ma-
terials, and component types. Ideally, the method would produce a roughly uniform margin
when considering different materials and component geometries and the rules could be tuned
to produce this result. Moreover, explicitly quantifying the design margin could allow for
optimizing the rules to produce more efficient, while still adequate, designs.

This report focuses on the design rules for Class A high temperature components found
in Section III, Division 5, Subsection HB, Subpart B. These rules apply to safety significant
components and form the basis of other design rules in Division 5 (for example, the rules
for Class SM core support structures). Design margin could be quantified in several ways.
Classical design methods based on allowable stresses often express the margin in terms of a
safety factor on the applied load — for example, the component could withstand a pressure
twice as much as the actual design pressure. Alternatively, margin could be expressed in
terms of the component geometry — for example, the component is twice as thick as it needs
to be. Neither of these approach suits the Class A design rules because: (1) the Division
5 rules work with multiple load cases and time-dependent transient loads; applying a load
factor is not straightforward and (2) quantifying design margin in terms of the component
geometry only works for simple components with a few geometric parameters.

The Class A rules include the concept of a design life — the amount of time a component
is allowed to remain in service. The rules deal with high temperature components where
the actual component service life is always limited by creep rupture and the degradation
of material properties with time — no high temperature component can be expected to last
indefinitely. A reasonable metric for the Section III, Division 5, Subsection HB, Subpart B
design margin is the ratio between the actual, expected component life and the design life.
This is the metric applied in this report.

A margin assessment could be completed in two ways: deterministic or probabilistic.
A deterministic analysis compares the best-estimate for the actual life of the component

ANL-ART-196 1



An Initial Assessment of the Design Margins of Different ASME Section IlI, Division 5 Design Rules
September 2020

against its design life. A probabilistic assessment would consider how the variability in
material properties, component geometry, and loading affects the expected operating life.
This type of analysis could lead to the probability distribution function, p(t), giving the
marginal probability of the component failing in ¢ years after construction. The cumulative

probability
tdesign
P = / p(t)dt
0

where tgeqign 1s the design life, gives the probability of premature failure, which would be the
corresponding probabilistic metric of design margin.

For components where the uncertainty in the actual service life is low there would be
little difference between a deterministic and a probabilistic assessment of margin. This
report provides a deterministic method for assessing the design margin in the ASME rules.
However, developing efficient methods for a probabilistic margin assessment should be a
long term research objective, as this type of assessment gives more complete information
compared to a deterministic assessment. Chapter 4 describes the challenges that would need
to be overcome in developing a comprehensive probabilistic margin assessment method.

The deterministic assessment developed here needs a tool for predicting the actual, ex-
pected (mean-property) life of a component. This report uses continuum damage mechanics
and a full thermal-mechanical finite element analysis of the component to provide this tool.
Simple methods of this type are often applied in high temperature design (e.g. 1, 2). In fact,
the ASME rules provide a method for design by inelastic analysis, which includes a very
simple damage calculation. The difference is that the continuum damage model developed
here is comprehensive — it covers all the failure modes included in the ASME rules and cov-
ers a reasonably-complete range of component operating conditions. Moreover, it integrates
into material deformation model, so that, for example, creep deformation becomes easier as
the strength of the material decreases. The key to the approach is a work-based damage
model that captures the available tensile, creep, fatigue, and creep-fatigue data. This type
of damage model has been applied to high-temperature components in the past [3, 4], but
this report is the first to use the method to predict the margin of the ASME rules for a
particular component.

The report focuses on Alloy 617, both because it is a likely structural material for one
candidate advanced high temperature reactor design — the Very High Temperature Reactor
(VHTR) — and because an extensive, complete experimental database is available from the
recent Alloy 617 Code qualification effort. The method for margin assessment developed
here is comprehensive — it can be used to assess the margin for all of the different design
limits covered by the Division 5 rules — but the focus of the report is on the creep-fatigue
rules. The report focuses on creep-fatigue because it is the design limit most unique to the
Class A design approach and because it tends to be the most limiting and most difficult
design failure mode in a Division 5 analysis.

Chapter 2 describes the development, calibration and validation of the Alloy 617 damage
model. Chapter 3 then applies the model to a margin assessment of the inner tube of a
notional Alloy 617 hot gas duct in a VHTR. The assessment focuses on the creep-fatigue
rules and projects an expected design margin of 10 on life — that is, the component is
expected to have an actual life 10 times greater than the ASME design life. This order of

ANL-ART-196 2
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magnitude in design margin arises from conservative assumptions used in constructing an
approximation of creep and plastic material behavior starting from an elastic analysis and,
especially, the conservative factors applied to the analysis results when calculating creep
(stress increased by a factor of 1.11) and fatigue damage (strain range increased by a factor
of 2, cycles to failure reduced by a factor of 20). Finally, Chapter 4 summarizes the report
and discusses future work focused on extending the current, deterministic method to cover
additional materials and component types and identifies the challenges in a developing a
probabilistic margin assessment method for high temperature structural components.

ANL-ART-196 3






An Initial Assessment of the Design Margins of Different ASME Section IlI, Division 5 Design Rules
September 2020

2 A damage model for Alloy 617

A complete damage model for a metallic material in high temperature service would include
degradation caused by both cyclic and steady loading conditions. Creep-fatigue experiments
cover both types of loading and so the focus of this chapter is on developing a damage
model for Alloy 617 that can represent the available experimental creep-fatigue data. A key
aspect of selecting a model for assessing the margin of the ASME design methods is finding a
model form that can reasonably extrapolate to component loading conditions. Components
typically experiences lower stresses and strain ranges and longer hold times when compared
to creep-fatigue tests. However, as detailed below, the model developed here for Alloy 617
also represents material failure under creep conditions, as well as failure at much faster strain
rates during standard tension tests. As such, the model here comes close to a “universal”
high temperature damage model, which could be used to assess the margin in the ASME
rules covering steady-state conditions, in addition to the creep-fatigue margin assessment
completed in the current report.

The complete model developed here has two components: a damage model represent-
ing material failure and a base, underlying inelastic deformation model representing strain
accumulation and stress redistribution in Alloy 617. The subsequent discussion covers the
development validation of the damage model. The deformation model was previously devel-
oped for Alloy 617 by Walker and Sham at Oak Ridge National Laboratory [5]. A companion
report discusses the implementation and validation of the deformation model [6].

2.1 Damage model derivation

The basic concept of the model is that at a constant work rate the material will fail when
it dissipates a critical amount of inelastic energy (or, equivalently, does a critical amount of
work), i.e. when

W= /Wdt = /0’ : éinelasticdt = Wcrit (21)

where W is the work, W is the work rate, o is the stress tensor, €;,c4stic 18 the inelastic, non-
recoverable, strain rate, W,,; is the critical work to failure, and : represents double tensor
contraction. However, when the material deforms at different work rates during loading the
critical work varies with the work rate. We could posit a damage model where the D = 0
means the material is completely undamaged and D = 1 means the material has zero load
carrying capability. Applying this idea to the work-based damage model gives the equation:

D= / Ddt (2.2)

D"V (2.3)

Werie (W)

where W, (W) is the work to failure given as a function of the current inelastic work rate.

Conceptually, calibrating this type of model is simple: given a collection of experiments,
defined as time, strain, stress histories which end in the failure of the material and occur
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at a constant inelastic work rate, calculate the total work dissipated over each test and
plot this critical work to failure as a function of the work rate. Unfortunately, no standard
experimental test deforms the material at a constant work rate. Instead, a more complicated
process is needed to calculate the model, described in Section 2.2.

One further modification improves the detailed model predictions relative to experiments.
The basic model described in Eq. 2.3, when implemented in the context of standard con-
tinuum damage mechanics, would degrade the material’s load carrying capability linearly
as work accumulates in the material. In experiments typically degradation in the material
strength occur slowly at first and then more rapidly near the end of the test. A simple
modification to Eq. 2.3 represents this behavior:

D=nD% — 1 (2.4)

where n is a parameter. For a hypothetical experiment deforming the material at a constant
work rate to failure the accumulated work at failure can be calculated by solving the ordinary
differential equation:

crit

The solution to this equation is

W\ wo\"
D(t) = t] = . 2.7
( ) (Wcrit ) (Wcrit> ( )
where W is the accumulated work. At failure this equation gives
Wiai \ "
1= 2.8
( Wcrit ) ( )

where Wy, is the accumulated work at failure when D = 1. This equation can be rearranged
to

Wfail = Wcrit- (29)

Therefore this variant of the model retains the idea of a critical work to failure. Figure 2.1
illustrates the advantage of this model. This figure shows a series of simulated tension tests
extending to the failure of the material. All tests have the same inelastic deformation model
and the same critical work to failure W,,.;;. The only thing that changes is the exponent n.
As this parameter increases more and more of the effects of the accumulated damage are
deferred towards the end of the material life. By tuning the parameter n to experimental
data the effects of damage can be aligned with the experiments.

ANL-ART-196 6
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Figure 2.1: Example simulation demonstrating the effect of increasing the parameter n.

2.2 Calibrating the damage model

Two types of data were used to calibrate the model. The first were complete records of
standard tension, creep, fatigue, and creep-fatigue tests conducted at INL. This dataset in-
cludes the full time, temperature, strain, and stress history of the experiment. This complete
history can be used to calculate the instantaneous work rate as a function of time:
2 . . . O

W = O&inelastic — O (5 - gelastic) =0 (5 - E) . (210)
The scalar form presented here is sufficient as all the test conditions are for uniaxial stress.
In this expression E is the material Young’s modulus, which was taken from the Alloy 617
Code Case [7]| as a function of temperature. The strain and stress rate can be calculated
from the experimental data by finite differencing. The total work to failure is the integral of

the work rate over the entire test time:
Lfail |
Wtair = Wdt. (2.11)
0

For expeljimental tests with a constant work rate we could associate Wy = Wy and
Wiest = W. A regression analysis of plots showing the critical work versus the experiment
work rate could provide the model for Wy <W>

However, none of the INL tests have a constant work rate. Instead, the experimental

average work rate
. Ufail Lfail
I/Vtest - / Wdt// dt = Wfail/tfail (2.12)
0 0
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Figure 2.2: Initial damage model calibration to the full INL experimental data set. The
figure shows points for the work-to-failure and average experimental work rate for all the
tests. The tests corresponding to the circled symbols were used to fit the semilog trilinear

initial correlation for W, (W) The omitted tests are the cyclic experiments with holds

(i.e. creep-fatigue tests). The data shows a moderate temperature effect, which is neglected
for the current work.

versus the work to failure sets the model for Wy, <W> This process excluded the creep-

fatigue testss. These tests deform the material at two very different work rates — very quickly
during the loading period and very slowly during the holds — and so it is not reasonable to
apply an average work rate for this type of test. Figure 2.2 plots the work to failure versus
work rate relation derived from this process considering all the available INL 617 data. The
plot includes points for the creep-fatigue tests using the experimental average work rate
demonstrating that they do not overlap the rest of the data when plotted with the average

of the slow and fast work rates. The data on this figure produces a model for W,.;; (W) . The

data suggests a sigmoidal response between a lower-shelf ductility at low work rates and an
upper-shelf ductility at faster work rates. This type of response is typical for ductility-based
methods [8]. The actual model approximates this sigmoid function with a trilinear semi-log
response, plotted over the experimental data. The lower shelf branch is constant while the
upper shelf branch has a positive slope.

The response of the failure model to long-term creep deformation is very sensitive to
the slope and intercept of the lower-shelf branch. Creep tests occur at fixed stress. For the
typical power law creep response
= Ao" (2.13)

Einelastic

ANL-ART-196 8
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for some prefactor A and rate sensitivity n. The work rate is then
W = 0€inetastic = Ao™ . (2.14)

The critical work to failure can be integrated as

Lfail
Wian = Wdt = Ac" ' i (2.15)
0
or )
Wiai (W)
tfail = W (216)

The challenge here is that as W — 0 the time to failure should increase to infinity, as the
material is not deforming. However, even for a very small work rate t,; should be finite
and could in fact be relatively small. The model must be able to discern between these two
cases. Moreover, there are a only a few datapoints in this region of the critical work diagram,
making it difficult to accurately constrain the failure model.

The Alloy 617 Code Case [7] collated a wide database of creep-rupture data for Alloy
617 — much wider than the very limited number of creep tests conducted at INL. However,
unlike the INL creep deformations tests, full strain/time data for these experiments is not
available. However, the Code Case did summarize the rupture data using the Larson-Miller
[9] correlation:

w] _c (2.17)
T
with constants ag = 32976.411, a; = —5908.1030, and C' = 16.73049, and with the temper-
ature T in kelvin. Ideally we could calibrate the lower-shelf branch of the failure model to
this broader dataset.
Considering an idealized power law creep material, the critical work to failure should be

ag+aq logig o W ai
10-C10" e = # (2.18)
. o /T .
Wiaa = 107610/ (W/A) "7 Wi (2.19)
Lumping the prefactors, this gives the model:
Wi = KW T+ (2.20)

which is a power law.

In actuality, Alloy 617 does not follow a power law creep relation. Instead it shows
the typical pattern of a decreasing primary creep rate followed by an increasing tertiary
creep rate. To match these conditions, we fit a power law through simulations of each creep
condition, using the Walker inelastic model coupled to the work-based damage model to
simulate the failure of the material. The power law parameters are those that best minimize
the difference between the simulated rupture time and the Larson-Miller correlation for 20
creep simulations selected as follows:

ANL-ART-196 9
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Figure 2.3: Composite model combining the fit to the full INL experimental data and the
power law model for the lower-shelf ductility fit to the Larson-Miller correlation.

1. Select a target temperature of 950° C, which is the temperature of most of the full INL
creep-fatigue and fatigue experiments.

2. Using the Larson-Miller correlation (Eq. 2.17), generate 25 rupture stresses for equally
log-spaced rupture times spanning from 10 to 300,000 hours.

3. Find the power law parameters A and n for critical work relation W,,;; = AW™ that
minimizes the squared difference between those 25 rupture times and the rupture time
simulated with the Walker model coupled to the work-based damage model.

The final power-law parameters from this process are A = 5.768775 and n = 0.119064.

Figure 2.3 then combines the model generated using the full INL experimental data
and the model generated by simulating creep tests and comparing to the A617 Larson-Miller
correlation. While the difference between the power law fit from the Larson-Miller correlation
and the constant value fit from the full creep tests seems small, capturing this small difference
is necessary to accurately represent the creep test data. The inelastic damage model used in
the margin assessment described in Chapter 3 uses the composite model combining the two
sources of data, shown on Fig. 2.3.

The only remaining damage model parameter is the acceleration exponent n. This work
uses n = 2 based on a comparison between the model and experimental tensile flow curves
and cyclic creep-fatigue test data at 950° C.

ANL-ART-196 10
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2.3 Complete inelastic damage model

The complete inelastic model combines the damage developed in the previous sections with
the Walker inelastic deformation model for Alloy 617. A companion report 6] summarizes
the derivation of the Walker model and validates it against an experimental database of high
temperature Alloy 617 tests. This report therefore omits the details of the base inelastic
deformation model.

The damage model modifies the constitutive response provided by the base model in the
standard manner for continuum damage mechanics:

o= (1 - D) Tbase (221)

where D is the damage variable, defined previously, and &4 is the viscoplastic response of
the base deformation model, here the Walker model.

2.4 Evaluating the damage model

The inelastic damage model calibrated here is most accurate at 950° C, as that is the tem-
perature for most of the INL creep-fatigue test data. Figure 2.4 compares the predicted
tensile curve using the complete inelastic damage model to the available INL experimental
flow curves. Figure 2.5 makes a similar comparison for the available creep deformation data
at 950° C. The model accurately predicts the experimental flow curves, though the underly-
ing Walker model slightly underpredicts the initial flow stress. The creep curve comparisons
demonstrate that the model accurately recovers the Alloy 617 rupture database. The com-
parison to the available full creep curves is somewhat less accurate, though note that these
creep tests did not keep a record of the material deformation all the way to failure.

These comparisons are not truly model validation as the tension test and creep test data
was used to fit the critical work function. Figure 2.6 compares the actual experimental
sample lives to the lives predicted by the model, including the INL creep-fatigue data not
included in the model calibration data. The comparison shows a histogram of the value:

error = Degp — 1 (2.22)
where . .
op Wex
Dezp :/ —.pdt (2'2?’)
0 Wcm’t <Wezp>

where Wewp are the instantaneous experimental work rates, t.,, is the experimental time to
failure, and W, is the critical work function detailed previously. Essentially this comparison
calculates the predicted damage at the end of each experiment. If the damage model was
perfect this value would equal 1.0 for all the tests. The error plotted on Figure 2.6 is then the
error between the actual and predicted damage. This error is also the approximate relative
error on cycles to failure for these tests.

Most of the experimental error is distributed about 0 (i.e. perfect accuracy) with a bias
towards positive errors (i.e. the model over-predicts damage accumulation in the material).
However, errors with values less than 1.0 on this plot suggest a relative error in the specimen

ANL-ART-196 11
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Figure 2.4: Comparison between the inelastic damage model and the available INL tensile
curves at 950° C. Model is the solid black line, experiments are the dashed lines.

life of less than a factor of 2. This is not a significant error, as the batch-to-batch variation in
the experimental life often exceeds a factor of 2 for creep or creep-fatigue tests. In addition,
there is a limited number of experiments which are outliers with the model over-predicting
damage accumulation by a factor of 4. Reducing these outliers will be a focus of future work.
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Figure 2.5: Comparison between the available creep curves and the model predictions at
950° C. The solid lines give the model predictions for the corresponding stress levels. The
dashed curves are the experimental creep curves. The dotted vertical lines show the rupture

life predicted by the Larson-Miller correlation.
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Figure 2.6: Comparison between the predicted and actual accumulated damage for all the
experimental data, including the creep-fatigue tests.
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3 Example margin determination

3.1 The sample problem

The sample problem is based on a conceptual design of an Alloy 617 hot gas duct in a VHTR
[10]. This component connects the reactor outlet to the intermediate heat exchanger (IHX).
Its task is to carry very hot helium gas (950° C) between the reactor and the heat exchange
system. Because of the very high operating temperatures (metal temperatures reaching
850°C") and pressure (4 MPa) this component will need to be constructed from a material
with excellent high temperature structural resistance, like Alloy 617 [11]. Figure 3.1 shows
the geometry, both the full cross-section of a nominal co-axial double tube duct and the
simplified structural model of the inner tube. The structural model approximates an emer-
gency shutdown following a loss-of-insulation on the inner tube. The transient represented
in Figure 3.1 would be a severe accident condition. In a full design this severe transient
would be a relatively isolated event, interspersed with long periods of steady-state normal
plant operation, and less severe normal shutdown transients. The overall life of the duct
might be several hundred thousand hours. This analysis focuses only on this severe tran-
sients and looks at the creep-fatigue life of the system using the current Section III, Division
5, Subsection HB, Subpart B design rules and using the full inelastic damage model.

Table 3.1 lists the key geometric, loading, and thermal properties used in the analysis.
The analysis neglects the small stress generated by the offsetting 4 MPa pressures, focusing
on the thermal stresses. A transient heat transfer simulation of the inner tube establishes
the metal temperatures as a function of time. These metal temperatures were used in the
ASME design and best-estimate damage analysis.

Figure 3.2 plots the temperature in the inner tube as a function of time at three locations
(tube inner diameter, tube outer diameter, and halfway between). The temperature rapidly
increases when the tube surface becomes exposed to the 950° C helium, and then decreases as
the plant enters a safe shutdown mode. The transient parameters (Table 3.1) were selected to
make the transient periodic, starting and ending at the same thermal conditions, to simplify
the design and damage analysis.

In the subsequent structural analysis, the tube is treated as an axisymmetric slice of a
long, straight section of piping. Generalized plane strain conditions were applied to the ends
of the tube section in the analysis to represent the constraint of this structural configuration.
The discretization divides the tube radially into 25 finite elements.

Parameter Description Value

tiran Time of the transient 5 hours

tinner Inner tube thickness 20 mm

hie Convective heat transfer coef. He/A617 1500 W/(m?K) (approx. [12])
QU A617 Coefficient of thermal expansion for Alloy 617 Temperature-dependent, see |7]
k ac17 Thermal conductivity for Alloy 617 Temperature-dependent, see |7]
da617 Thermal diffusivity for Alloy 617 Temperature-dependent, see |7]

Table 3.1: Key parameters for the sample problem.
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Figure 3.1: Sample problem used for the margin assessment. Figure shows a notional cross-
section of a coaxial double tube duct along with the simplified structural model used in the

margin assessment.
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Figure 3.2: Temperatures at three locations across the inner tube, plotted as a function of
time during the transient.

3.2 ASME design by elastic analysis

This section applies the ASME Section III, Division 5, Appendix HBB-T [13] design-by-
elastic analysis rules to predict the maximum allowable cyclic life of the sample problem
described in the previous section. As the material here is Alloy 617, this analysis refers to
the Alloy 617 Code Case |7] for the required material properties.

The ASME rules require a linear elastic stress analysis of the component. This analysis
requires temperature-dependent values of the Alloy 617 Young’s modulus and Poisson’s ratio,
again found in the Alloy 617 Code Case. Figure 3.3 shows the elastically calculated hoop
stress in the inner tube as a function of time during the transient at three locations (tube inner
diameter, tube outer diameter, and halfway in between). The complete analysis was 3D and
so includes the radial and axial stresses, in addition to the hoop stresses shown on the figure.
The design by elastic analysis rules require classifying this stress into primary, secondary,
and peak components. In this particular example this is trivial as the primary stress is
zero (neglecting the small stresses generated by equal pressures operating on either side of a
thick-walled vessel) and the peak stress is zero because there are no stress concentrations in
the problem. All the stresses are then secondary.

The Section III, Division 5, Subsection HB, Subpart B design rules are too complicated
to briefly summarize here. However, there are a few key points for this particular design
analysis:

e This example only considers the ASME creep-fatigue design rules. The full Section
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Figure 3.3: Elastically-calculated stresses in the inner tube.

III, Division 5, Subsection HB, Subpart B design process requires considering several
design conditions:

— Primary load design
— Buckling
— Strain accumulation
— Creep-fatigue
e Of these four design conditions, only strain accumulation and creep-fatigue are relevant

to the inner tube design, as the pressure-induced stresses are essentially zero for this
transient.

e The analysis only considers the number of repetitions of this particular, severe transient
allowed by the ASME rules. A full design analysis would need to consider all potential
upset conditions as well as the loading induced by standard operating conditions.

e The actual design analysis calculates the creep and fatigue damage accumulated in a
single repetition of the loading cycle and then extrapolates these values to the maximum
number of transient repetitions allowed by the ASME rules. This approach is equivalent
to a full analysis for this case, as the design analysis is linear elastic, the thermal
conditions are periodic, and the analysis results can be superimposed.

A computer tool produced at ANL as part of an NRC-funded project was used to execute
the ASME analysis. The thermal analysis was completed with an in-house heat transfer
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Figure 3.4: Stresses from the full damage calculation over the first repetition of the loading
transient.

solver for cylindrical coordinates. The structural analysis used the NEML framework and
material models (https://github.com/Argonne-National-Laboratory /neml).

The results of this design calculation were that the inner tube can withstand 5 repetitions
of the loading transient according to the ASME rules.

3.3 Inelastic damage modeling

Compared to the ASME design by elastic analysis rules a best-estimate of the creep-fatigue
life of the component is straightforward: simulate multiple repetitions of the transient loading
until the damage in the component reaches 1.0 at any location through the tube thickness.
In practice, the cost of this numerical simulation can be reduced by monitoring the increase
in the damage variable at each location in the component as a function of cycle count and
then extrapolating to the critical value of damage once the damage accumulation becomes
steady as a function of cycle count. This simulation again used the NEML framework and
the in-house heat transfer code. The analysis uses the full inelastic damage model developed
in Chapter 2.

Figure 3.4 plots the hoop stress during the first cycle for this full inelastic simulation. The
initial values are lower than in the linear elastic simulation (Fig. 3.3) because the inelastic
model yields. Later during the transient the stress distribution is significantly different then
the elastic stress distribution, as creep causes stress redistribution across the inner tube wall.

Figure 3.5 then shows the extrapolated damage at failure through the tube thickness. The
model predicts that damage will concentrate on the tube inner (hot) wall, likely manifesting
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Figure 3.5: Extrapolated damage at failure plotted through the tube thickness.

as a creep-fatigue crack initiating from this surface.
The full damage predicts the component could withstand 51 repetitions of the transient.

3.4 Margin assessment

The margin in the ASME design by elastic analysis for this particular example is a factor of
51/5 = 10.2. This suggests that for Alloy 617 at these conditions the margin in the ASME
creep-fatigue rules is roughly a factor for 10 on life — the component will last ten times longer
than the ASME design life.

The analysis method developed here could form the basis of a more comprehensive eval-
uation of the ASME design margin. The inelastic damage model described in this report is
suitable for assessing the margin in all the ASME design conditions, not just the creep-fatigue
rules. For example, a steady-state analysis of the component could be used to assess the
ASME primary load design methods and the damage model accurately predicts steady-state
creep rupture.

A comprehensive margin analysis would need to consider all the ASME Class A materials,
cover a wide range of temperatures and loading conditions, and consider a wide variety
of component types. Given that even a single full inelastic damage analysis of a single
component requires a substantial amount of analyst effort, such a comprehensive analysis
would require a substantial program of work. A more focused analysis could consider a
narrower range of components and materials, for example focusing on a particular reactor

type.
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The main barrier to starting such a margin assessment program is developing an ade-
quate full inelastic damage model for the material, covering the required temperature range.
The Alloy 617 model developed here covers the available experimental data with reasonable
accuracy. However, the INL experimental database is biased towards relatively high temper-
atures, compared to expected operating temperatures in VHTR designs, and to short test
durations compared to reasonable component design lives. Moreover, the INL database con-
taining full (time,strain stress,temperature) hysteresis data is exceptional — it does not exist
for any of the other Class A materials. Additionally, this example and the damage model
considered here does not consider weldments. Experimental data with the detail required
to develop a full damage model for weldments or even just weld material is not available.
This is a substantial gap, as welds are often the weakest link in actual high temperature
components.

Finally, a more complete margin assessment would quantify the ASME design margin
using a statistical approach, as discussed in the introduction. This would account for un-
certainty in the base material properties as well as uncertainty in the applied loads and the
component geometry, through construction tolerances. Chapter 4 discusses potential future
work on this topic.

Despite these caveats, the sample margin assessment method developed in this report
is a valuable first step in developing a process for quantifying the margin in the design
rules. Though this report considers only a single component and loading, selected in part
to load the material in conditions comparable to the experimental data used to produce
the damage model, the margin of 10 on design life may be more generally applicable to the
ASME creep-fatigue design rules. This analysis suggests that the ASME design rules are
adequately conservative and that room exists to further optimize the design rules to produce
more efficient component designs.
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4 Conclusions and future work

This report describes a deterministic method for assessing the design margin of the Section
II1, Division 5, Subsection HB, Subpart B ASME Boiler and Pressure Vessel Code rules for
the design of Class A high temperature reactor components. The method applies a complete
inelastic damage model of the component to determine the expected time-to-failure and
compares this value to the component design life. The focus here was on the creep-fatigue
rules, but the method could be applied to any of the Class A design limits. The sample
component evaluated here has a margin of 10 on design life, which is likely representative of
the conservative ASME rules.

The immediate next step would be to apply this process to the other design limits and
to other representative Alloy 617 components. The deterministic approach developed here
could be extended to other Class A materials. One challenge is that the record of the mostly
historical testing database for these materials is incomplete. Full records that could be used
to calculate the dissipated work are unavailable for most of the tests.

Longer term, a probabilistic assessment of margin would provide a better description of
the Subsection HB, Subpart B design margin. The probability of premature failure could be
used to both assess the margin in the current rules and to tune the rules to better reflect
the safety significance of individual components. However, there are a number of challenges
in developing a probabilistic assessment method for high temperature components:

e The most straightforward extension of the deterministic model developed here would
be an inelastic damage model with model parameter probability distributions that in
turn describes the distribution of deformation and failure data in tests.

— Calibrating these types of models is extremely difficult. Current efforts at ANL to
calibrate probabilistic models using Bayesian analysis have demonstrated success
for simple creep models, but capturing uncertainty in cyclic plasticity and failure
is much more challenging.

— Monte Carlo analysis could be used in conjunction with this type of model to
determine the component marginal failure probability distribution. However, this
Monte Carlo analysis would be extremely computationally expensive, as it would
require running thousands of full inelastic simulations of the component through
the entire component loading history.

e The uncertainties in component loading conditions and actual, as-constructed geomet-
ric tolerances are not well quantified.

e There are very few statistical descriptions of high temperature material properties,
like the properties controlling the creep deformation and failure of materials. Standard
statistical methods could be applied to this data but there has been little previous
work done for the ASME Class A materials.

e Simplified methods, for example deterministic methods linked to component failure

statistics like Load and Resistance Factor Design (LRFD) approaches, have not been
developed for high temperature components.
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Future work should address these challenges and work towards a probabilistic method for
assessing the margin in high temperature design rules, with the goal of developing determin-
istic design methods better tailored to the margin required for individual plant components
and systems.
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